Postzygotic mutations in somatic cells lead to genome mosaicism and can be the cause of cancer, possibly other human diseases and aging. Somatic mutations are difficult to detect in bulk tissue samples. Here, we review the available assays for measuring somatic mutations, with a focus on recent single-cell, whole genome sequencing methods.
Impact statement
Somatic mutations cause cancer, possibly other diseases and aging. Yet, very little is known about the frequency of such mutations in vivo, their distribution across the genome, and their possible functional consequences other than cancer. Even in cancer, we do not know the heterogeneity of mutations within a tumor and if seemingly normal cells in its surroundings already have elevated mutation frequencies. Here, we review a new, whole genome amplification system that allows accurate quantification and characterization of single-cell mutational landscapes in human cells and tissues in relation to disease.
Introduction
Mutations in the genome of somatic cells of multicellular organisms are the inevitable consequence of errors during DNA repair or replication. They can vary from base substitution mutations to genome structural variations and large chromosomal changes. Due to their random nature, most mutations have no or little phenotypic effects. Very rarely, mutations have beneficial effects, something that has been coopted by evolution to give rise to adaptation and speciation through natural selection. Somatic mutations are often pathogenic. For example, cancer is now generally accepted to be a genetic disease caused by accidental mutations that inactivate tumor suppressor genes, such as TP53, or activate oncogenes, such as those belonging to the Ras family. 1 Because mutations are both inevitable and irreversible (in contrast to DNA damage, DNA mutations cannot be repaired), they accumulate with age in the cells that make up tissues and organs. This is likely one of the reasons why cancer occurs more often in older people who have had more opportunities for mutations to accumulate. Also people who are exposed to DNA-damaging agents, such as radiation, are generally at a higher risk for cancer, most likely because of an elevated load of somatic mutations.
Mutations may also causally contribute to other chronic diseases, including neurodegenerative diseases and even to the biological process of aging. 2 Due to the relatively simple nature of the genetic material, DNA mutations are in principle amenable to reliable detection using current sequencing technology. However, even with the most advanced sequencing technology, direct testing for somatic mutations is not straightforward due to the very low abundance of such mutations, both spontaneous mutations and mutations induced by exposure to an agent. Here, we will discuss available assays for somatic mutations with a special focus on single-cell, nextgeneration sequencing assays and their application in (1) studying cancer and aging, (2) the identification of promutagenic hazards, and (3) quantitative mutagenicity risk assessment of human populations.
Current methods for mutation analysis
For a long time, the only types of mutations readily detectable in human or animal primary cells were chromosomal alterations, such as chromosomal aneuploidy, using cytogenetics. 3 More recently, cytogenetic methods gained accuracy and could be applied on a much larger scale due to the development of fluorescence in situ hybridization (FISH). Using these methods it has, for example, been shown that lymphocytes with chromosomal aberrations increase with age in the blood of both humans and mice. 4, 5 Interphase FISH can even be applied on non-dividing cells in tissues such as brain 6 for the detection of aneuploidy, i.e. gain or loss of entire chromosomes. Aneuploidy levels, even in postmitotic tissue, appeared to be remarkably high. 7, 8 In mice, we found that in the cerebral cortex, the frequency of aneuploid cells can rise to a level as high as 5%. 8 Chromosomal aneuploidy is a hallmark of pathological conditions and a causal factor of birth defects and cancer. 9 However, large chromosomal aberrations are merely the tip of an underlying iceberg of different types of mutations. Indeed, mutations that are much more frequent on a per genome basis include base substitutions, deletions, and genome rearrangements. Methods have become available over the last decade to detect such mutations. For example, methods using endogenous selectable marker genes, such as hypoxanthine-guanine phosphoribosyltransferase (HGPRT), were used to assess mutation frequencies in blood cells. 10 Interestingly, application of these methods showed that similar to the aforementioned chromosomal aberrations and aneuploidy also the frequency of these generally much smaller mutations was found to increase with age, both in humans and rodents. 11, 12 Somewhat later, the development of transgenic mice harboring reporter genes that can be recovered in E. coli to study mutations that had occurred in the animal, for the first time allowed mutagenicity testing in any possible target organ in an animal. 13, 14 These mouse models remain in use as substitutes for the expensive, long-term rodent bioassays to predict carcinogenicity of environmental compounds. 15 The use of these animals also revealed that spontaneous mutations accumulate with age in essentially all organs and tissues, [16] [17] [18] [19] albeit at greatly different rates ( Figure 1 ).
Reporter assays are quite sensitive and specific 20 and quickly became the method of choice in mutagenicity studies. However, reporter genes, the size of which does not exceed about 3000 bp, are heavily methylated and not transcribed. Hence, they are unlikely to be fully representative of the somatic genome with all its complex, tissue-specific features. In addition, similar relatively simple transgenic reporter systems are not readily available for human cells or cell lines.
To address these limitations, assays should be able to comprehensively characterize the total complement of mutations in individual cells across the genome in primary cells and tissues. In theory, this can be done by nextgeneration sequencing, which should allow the detection of a wide range of somatic mutations. However, since somatic mutations in normal tissues are unique for each individual cell (except for those cells that are derived from the same ancestor cell in which the mutation occurred), whole genome sequencing will simply provide the germline mutational landscape. When sequencing at very high depth, one could occasionally find a sequencing read with a true mutation. However, those true mutations would drown in the sequencing errors, which are as high as 0.1-1%. 21 To study the very low abundant mutations in normal somatic tissues, it is necessary to analyze single cells or clones derived from single cells. To some extent, tumors can serve as surrogates for single cells. Tumors, as clonal expansions of single cells, can provide information about the somatic mutations present in these cells prior to tumorigenesis. Using data from The Cancer Genome Atlas (TCGA) to systematically study the frequency and spectrum of somatic mutations in thousands of cancer patients and different tumor types as a function of the age of the patient, we found that the number of identified somatic mutations increases exponentially with age. 22 However, since mutations can also arise after neoplastic transformation, during tumor progression, it is difficult to draw definite conclusions other than that mutation frequency increases with age. Others have demonstrated aging-specific signature mutations in human tumors. 23 More recently, whole genome sequencing of clonal organoid cultures derived from mouse or human primary multipotent cells revealed hundreds of base substitution mutations per genome increasing with age. 24, 25 However, clonal amplification through organoid technology requires extensive cell culture and essentially limits analysis to stem or progenitor cells. Single-cell technology allows direct analysis of all types of cells, including postmitotic cells, such as neurons and muscle fibers.
Single-cell methods to analyze somatic mutations
Analyzing mutations in single cells by next-generation sequencing requires whole genome amplification (WGA), which suffers from artifacts. We recently developed a new protocol, i.e. Single-Cell Multiple Displacement Amplification (SCMDA), with a single-cell variant caller (SCcaller), to accurately identify somatic mutations across the genome from a single cell after whole genome amplification. 26 The procedure was validated by directly comparing mutation frequency and spectrum between amplified single cells and unamplified clones derived from cells in the same population of early passage, human primary fibroblasts. We also sequenced SCMDA-amplified single cells and non-amplified clones derived from the same clone, reasoning that there should be significant overlap between the single cells and their kindred clone. The entire procedure is schematically depicted in Figure 2 .
The number of somatic mutations in human primary fibroblasts was about 1000, in the same range as the numbers in unamplified clones ( Figure 3 ). While slightly lower than the numbers observed in the aforementioned clonal organoid cultures, it should be noted that those are representative of stem cells. There is evidence that stem cells have lower somatic mutation frequencies than normal cells, 27,28 but we have thus far not directly compared the two types of cells using our SCMDA technology.
Interestingly, these somatic mutation frequencies are much higher than the germline mutation frequency. In humans, the germline mutation frequency has been determined by whole genome sequencing of parents and children and calling de novo mutations in the offspring. This resulted in a germline mutation frequency of 1.2 Â 10 À8 , 29 confirming earlier indirect estimates. 30, 31 When directly comparing the somatic mutation frequencies observed by us in primary human and mouse fibroblasts with the germline mutation frequencies obtained as described above, by sequencing parents and children in both mice and humans, we observed an almost two orders of magnitude higher somatic mutation frequency. 32 An interesting question that arises from the observation of such a high level of base substitution mutations in somatic cells is why we do not suffer from a much higher frequency of cancers than we do. Indeed, assuming that a typical organ such as liver, contains 10 12 cells and that there are 6 Â 10 9 base pairs per human genome, at a mutation load per cell of about 1000, there should be multiple mutational hits per nucleotide. The most likely explanation as to why this does not result in cancer much more frequently is that many mutant cells may be eliminated, for example, through apoptosis or via the immune system. Indeed, overall mutation load of tumors correlates with neoantigen load. 33 Furthermore, mutations alone are insufficient in causing cancer and require a permissive microenvironment. 34 In addition to base substitutions also other types of mutations, such as small insertions and deletions (INDELS), copy number variations (CNVs) and genome structural variations (SVs) are in principle detectable in single cells using variants of the same single-cell procedures as described above. This would allow the complete characterization of the somatic mutational landscape in human or animal primary cells.
Functional consequences of somatic mutations other than cancer
Cancer is caused by genetic mutations in normal cells, which are subsequently selected in cycles of progression, ultimately resulting in a malignant tumor. This universally accepted model of cancer initiation and progression was first proposed by Fearon and Vogelstein for colorectal cancer. 35 It explains why cancer is so adaptable and, through sequential mutations, capable of gaining favorable attributes, such as the capacity to invading tissues, suppressing immune responses and becoming resistant to therapies. Each mutation is followed by clonal outgrowth in which a particularly advantageous mutation is selected. In this way, initially rare somatic mutations can eventually become predominant through selection.
However, it is now also clear that somatic mutations can lead to genome mosaicism and contribute to diseases other than cancer, for example, type I neurofibromatosis. 36 Most of these cases, which may amount to 6-20% of single gene disorders, 37 are due to combined germline and somatic mosaicism. However, in a rare case of sporadic Alzheimer's disease, the cause was a de novo, somatic mutation in the presenilin-1 gene. 38 Somatic mutations have also been found in atherosclerotic plaques, 39 although in this case, a causal role of the mutations in atherogenesis and vascular disease development is uncertain. Clearly, somatic mutations early during development, which can give rise to clonal enrichment, are more likely to have a phenotypic effect than mutations occurring later. In many cases, the critical somatic mutation is a second mutation turning a recessive germline mutation in one allele into a dominant phenotype after somatic inactivation of the other allele. Postzygotic mutations are now considered as a possible cause of human disease. 40, 41 A question that would come up at this stage is whether somatic mutations, over time, can ever reach a level that is high enough to exert adverse effects that reduce cell fitness. This possibility has been considered in the 1950s as a possible cause of aging. 2, 42, 43 The results described in the previous section indicate that the numbers of somatic mutations in human primary cells can be as high as about 1000 per genome. And these are only base substitutions. Adding up INDELs, CNVs, SVs, and aneuploidies would yield levels of genome instability that could have functional consequences after the significant age-related increases in somatic mutation frequencies indicated by work from the past. Application of methods such as SCMDA will soon reveal the entire landscape of somatic mutations in aging tissues and organs of humans and experimental animals. 44 This brings us to the question as to how a stochastic process of somatic mutation accumulation can cause loss of cell fitness.
Of the approximately 1000 base substitutions per cell, which we observed in the early passage primary fibroblasts isolated from the skin of a very young individual, 26 approximately 10 proved to be non-synonymous mutations in protein-coding sequences (Lei Zhang, Xiao Dong, unpublished). Cells from aged individuals may contain at least twice that number of potentially deleterious mutations. Together with the small number of loss-of-function mutations (LOFs) typically present in the germline of human individuals, 45 these de novo somatic mutations could impact on cell function. Of note, de novo mutations in most somatic cells are difficult if not impossible to eliminate through selection.
In addition to mutations directly affecting proteins, the far majority of base substitutions affect parts of the genome that are not coding for proteins. While most of those mutations will have no effect at all, a fair number of them are bound to affect the substantial part of the genome that is involved in gene regulation, which can be as high as 11%. 46 This potential target for mutagenesis is far larger than the about 1.5% protein-coding part of the genome. Hence, at a mutation load of about 1000 base substitutions in a typical cell, gene regulatory regions are more likely to be functionally affected than protein-coding regions.
Hence, while the jury is still out on whether somatic mutations have any functional impact other than cancer, the availability of single-cell assays for accurate identification of all possible de novo sequence variants in the somatic genome now allows for the first time to quantitatively analyze genome instability in normal cells directly without the need for surrogate markers. This will likely lead to new advances in different areas of application, some of which will be discussed below.
Applications of single-cell mutation analysis Heterogeneity in tumor and normal tissues
The most obvious application of the new single-cell assays for measuring genome instability is cellular heterogeneity in normal and diseased tissues. Elsewhere, the application of single-cell genomics in aging research has been extensively discussed. 47 Here, we focus on cellular heterogeneity within and surrounding tumors. As mentioned above, Vijg et al. Single-cell mutation analysis 1321 because they are clonal lineages, tumors lend themselves well for measuring somatic mutations, and information is now available for mutations in whole exomes or whole genomes of many thousands of human tumors. However, access to the high level of intra-tumor heterogeneity in mutation frequency, spectrum and distribution across the genome 48 requires single-cell assays. Moreover, very little is known about seemingly normal cells surrounding the tumor or elsewhere in the body. Such cells could be primed to develop into tumors due to an overall high mutation load or the presence of specific mutations in high-risk genes. Thus far, hidden due to their low abundance, all these mutations can now be analyzed by methods such as SCMDA. Direct assessment of mutations in normal, precancerous and cancerous cells using single-cell technology will fundamentally change the way research is conducted, i.e. away from studying bulk and clonal tissues towards a single-cell approach in studying heterogeneity within the tumor and its surrounding regions. Once sequencing costs will come down further, this shift in molecular cancer research will likely lead to a corresponding shift in clinical practice, most notably in diagnosing cancer patients not only based on the tumor but also on adjacent and even distant, normal tissue. This will impact treatment by tailoring it better to the individual.
Testing agents for mutagenic effects
A second potential application of single-cell genomics is in testing chemicals and other agents for hazards associated with mutagenesis, most notably cancer. Several decades after its introduction, the Ames bacterial mutagenesis assay 49, 50 is still widely used to test whether a chemical can cause mutations and, therefore, would be a carcinogen. Current genetic toxicity test batteries consist of Ames bacterial mutagenesis, mutagenesis at reporter loci or chromosomal aberrations in mouse or human cells and the in vivo rodent bone marrow micronucleus assay. 51 However, the field is still confronted with major challenges to the interpretation of genotoxicity test results in the context of human health risk assessment. 51, 52 Single-cell mutation analysis would allow the use of primary human cells, such as hepatocytes, as well as cell lines and cells and tissues from mice or rats to study mutagenic effects of various agents. This should greatly increase the predictivity of genotoxicity test as compared with current assays.
Environmental and inherited, individual risk assessment
In addition to hazard identification, i.e. how likely is it that an agent is a human mutagen and therefore a carcinogen, mutagenicity assays could be applied in assessing individual disease risk, either due to environmental exposure or inherited susceptibility. As discussed above, cancer is a genetic disease caused by genetic instability. Individual risk for cancer, and for other diseases in which somatic mutations may play a causal role, is therefore determined by inherited and acquired factors to increase or decrease genome stability. Environmental exposure may interact with genetic predisposition to either increase or decrease risk. The best example is smoking, which is the main cause of lung cancer, albeit the majority of even heavy smokers never get lung cancer. It is generally assumed that inherited factors can explain this individual variation in risk.
Single-cell mutation analysis can now be used to test if individuals genetically predisposed to cancer show higher background levels of somatic mutations in their normal somatic cells, e.g. from blood or tissue biopsies. For this purpose, the mutation load of a representative number of single cells would then be compared with the whole genome sequence of the individual's bulk DNA, which serves as the control for possible polymorphic variation with the reference genome. Similarly, single-cell genomics can also assess how many mutations have been produced in an individual by exposure to radiation or mutagenic chemicals. This would provide a direct measure of internal exposure to a mutagen. This is important for the quantification of risk in individuals and in populations and allows the recognition of specific risk factors, such as occupation, lifestyle or social status. Internal exposure is often determined by measuring signs of the agents to which individuals or populations might have been exposed, such as a mutagenic chemical or its metabolites, the products of the interaction of the agent with cellular macromolecules (protein and/or DNA) in body fluids and tissues. However, mutations are generally considered as the true end point that determines cancer risk and, therefore, the end point of choice in individual risk assessment. The only mutations that can currently be analyzed in human bodily fluids or biopsies are chromosomal aberrations, sister chromatid exchanges, increased frequency of micronuclei and inactivating mutations at the HPRT locus. The single-cell assays described above could be readily used to measure all possible mutations across the genome in any cell or tissue sample.
For example, after the nuclear power plant accident at the Fukushima nuclear power station in 2011, individual exposure was measured using dosimeters. However, this does not address the problem that there might be Fukushima residents with greater than average sensitivity to radiationinduced mutations because of their genetic background. Single-cell analysis would readily uncover such an increased risk.
The future of single-cell genomics
Single-cell genomics has now been developed to a level where it can accurately assess somatic mutations in human primary cells and tissues. As we have seen, this opens up multiple applications in basic science and translational medicine. However, there are two major obstacles that need to be overcome before single-cell mutation analysis can be applied on a large scale. First, current cost of sequencing genomes, which have come down to about $1000, still essentially constrains the analysis of tens to hundreds of single cells from an individual. However, progress in next-generation sequencing continues, with the emergence of new systems and improved instruments. 53 Hence, it seems realistic to assume that within several years we will enter the era of a $100 genome. By that time, single-cell genomics will likely beginning to come into its own having acquired a niche in studying cellular heterogeneity in human individuals.
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